Lipid rafts are important signaling platforms in T cells. Little is known about their properties in human CD8 ؉ T cells. We studied polarization of lipid rafts by digital immunofluorescence microscopy in primary human T cells, using beads coated with anti-CD3 and anti-CD28 mAbs (CD3͞28 beads). Unlike CD4 ؉ T cells, CD8 ؉ T cells did not polarize lipid rafts when stimulated with CD3͞28 beads, when the anti-CD28 antibody was substituted with B7.2Ig, or if an anti-CD8 antibody was added to the CD3͞28 beads. This phenomenon was also observed in human antigen-specific CD8 ؉ T cells. On stimulation with CD3͞28 beads, the T cell antigen receptor clustered at the cell͞bead contact area in both CD4 ؉ and CD8 ؉ T cells. Examination of lipid rafts isolated by sucrose density gradient centrifugation revealed the constitutive expression of p 56 Lck in the raft fractions of unstimulated CD8 ؉ T cells, whereas p 56 Lck was recruited to the raft fraction of CD4 ؉ T cells only after stimulation with CD3͞28 beads. Stimulation with CD3͞28 beads induced marked calcium flux, recruitment of PKC-and F-actin to the cell͞bead contact site, and similar proliferation patterns in CD4 ؉ and CD8 ؉ T cells. Thus, polarization of lipid rafts is not essential for early signal transduction events or proliferation of human CD8 ؉ lymphocytes. It is possible that the lower stringency of CD8 ؉ T cell activation obviates a requirement for raft polarization.
D
uring T cell activation, the information exchange crucial for initiation of signal transduction events takes place in the immune synapse, a specialized contact area between T cell and antigen-presenting cell (APC). Receptor molecules segregate into supramolecular activation clusters (SMACs) (1) , and lipid rafts recruit signal transduction molecules (2) , transfer to the site of T cell antigen receptor (TCR) engagement (3) , and facilitate lymphocyte signaling (4) . During formation of the immune synapse, PKC-is integrated into both SMACs (1) and lipid rafts (5) , indicating that the function of SMACs and membrane rafts might be overlapping. The polarization of lipid rafts is thought to be essential for T cell activation, as the dispersion of lipid-rich microdomains inhibits T cell activation (4) . Most studies on synapse formation and lipid rafts have been performed in CD4 ϩ T cells. Only recently was the formation of SMACs shown in CD8 ϩ T cells (6) . Although CD4 and CD8 act as coreceptors during T cell activation, there are marked differences between CD4 ϩ and CD8 ϩ T cells. The affinity of CD8 for the MHC͞TCR complex is much higher than that of CD4, leading to a more stable interaction of MHC class I and the TCR (7) . Furthermore, the number of engaged TCRs required for activation of a CD4 ϩ T cell is 200-300 receptors (8, 9) , whereas CD8 ϩ T cells can be activated by a single MHC-peptide molecule (10) . CTLs also require only a brief period of antigenic stimulation (11) , and do not require costimulation for proliferation and differentiation into cytotoxic effector cells (12) .
We studied the polarization of lipid rafts in human CD8 
Methods
Cell Purification and Activation. Peripheral blood lymphocytes were obtained from normal donors by leukopheresis and elutriation, and CD8 ϩ T cells or CD4 ϩ T cells were purified by negative selection as described (13) . For purification of the CD8 ϩ T cells, the OKT4 mAb (American Type Culture Collection) was substituted for the OKT8 mAb. To verify the purity of the T cell preparations, cells were stained with antibodies to CD3, CD8, CD4, CD16, CD56, and CD19 (BD PharMingen). Initial T cell preparations were Ͼ94% CD3 Human influenza (FLU)-specific CD8 ϩ T cells were obtained as described (14) . The cells were studied at day 43 of culture. Epstein-Barr virus (EBV)-transformed B cells from the same donor were pulsed overnight with FLU peptide and used as APCs.
Immunofluorescence Staining and Microscopy. Cells were washed once with serum-free RPMI 1640 and incubated with Dynal Epoxy beads (Dynal Biotech, Lake Success, NY) that had been coated with anti-CD3 (OKT3; ref. 15 ) and anti-CD28 (9.3; ref. 16 ) mAbs or with anti-CD3 mAb and B7.2Ig (a generous gift of Beatriz Carreno, Genetics Institute, Boston) at a 1:3 bead to cell ratio for various times at 37°C. The cell͞bead conjugates were then settled onto poly-L-lysine-coated coverslips, fixed in 3.7% formaldehyde and stained. For GM1 labeling, cholera toxin B-FITC (Sigma) or a polyclonal rabbit anti-GM1 antiserum (Matreya, State College, PA) was used. When staining with anti-GM1 antiserum, the coverslips were blocked with 5% normal donkey serum and then stained with donkey anti-rabbit Cy3 (both from Jackson ImmunoResearch). Staining for the TCR was performed using a TCR ␣͞␤ antibody conjugated with FITC (Accurate Chemicals, West Point, NY). Staining for PKC-and F-actin was performed after permeabilization of the This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: APC, antigen-presenting cell; TCR, T cell antigen receptor; SMAC, supramolecular activation cluster; PHA, phytohemagglutinin; FLU, influenza. cells with 0.1% Triton X-100 (Sigma) for 10 min by using a polyclonal anti-PKC-(Santa Cruz Biotechnology) and phalloidin-FITC (Sigma), followed by donkey anti-goat Cy3 (Jackson ImmunoResearch). For the experiments with FLU-specific T cells, the cells were incubated with biotinylated CTB for 30 min at 37°C, then mixed with APCs and settled on coverslips. After fixation with 3.7% formaldehyde, the conjugates were stained with Phalloidin-FITC and Streptavidin Cy-3 as described above. After staining, the coverslips were mounted onto microscope glass slides (Fisher) with GelMount (Biomeda, Hayward, CA) and stored at 4°C until analysis.
Immunofluorescence and corresponding Nomarski images of the cells and cell͞bead conjugates were recorded by a digital fluorescence microscopy system (Intelligent Imaging Innovations, Denver) consisting of a Zeiss Axioplan microscope fitted with a Xenon light source and a Sensicam CCD camera (Cooke, Auburn Hills, MI). SLIDEBOOK software (Intelligent Imaging Innovations) was used for image analysis and 3D volume rendering. A constrained iterative deconvolution algorithm was used to remove out-of-focus haze. Within each experiment, all images were renormalized to the same range of intensity.
Sucrose Density Gradient Centrifugation and Western Blotting. The isolation of lipid rafts by using sucrose density gradient centrifugation was performed as described (17) . Briefly, 60 million CD4 ϩ or CD8 ϩ T cells were incubated with uncoated beads or CD3͞28 beads, followed by lysis at 4°C in Mes-buffered saline containing 1% Triton X-100 and protease and phosphatase inhibitors. The lysates were then mixed with 80% sucrose in Mes-buffered saline, transferred to ultracentrifuge tubes and overlaid with 30% and 5% sucrose solutions, respectively. The Triton-insoluble fractions were separated from the cell lysates by ultracentrifugation for 18 h. Fractions (350 l) were then removed sequentially starting from the top of the gradient. Thirty microliters of fractions 1-6, 8, 10, and 12 were subjected to 10% SDS͞PAGE, followed by transfer to nitrocellulose by using anti-LAT (Upstate Biotechnology, Lake Placid, NY) or anti-p56 LCK (Zymed) and HRPO-conjugated secondary antibodies (Jackson ImmunoResearch). Protein bands were detected using Super Signal (Pierce).
Recording of Calcium Flux. Cells were labeled with the calciumsensitive dye fura-2 (Molecular Probes) and settled onto cell culture dishes at 37°C for 20 min. The dishes were then transferred to a Zeiss Axioplan microscope equipped with a heated stage maintaining the cell culture dish temperature at 37°C throughout the experiments. Fluorescence emissions at 340 and 380 nm were recorded using a 63ϫ water immersion lens. Image recording and analysis was performed using SLIDEBOOK software (Intelligent Imaging Innovations). For activation of the cells, CD3͞28-coated beads were added to the culture dish at t ϭ 0 s, and pictures were recorded at regular intervals to capture calcium flux. As a positive control, ionomycin (Molecular Probes) at 1 g͞ml was added to the microscope dish at the end of the experiment.
Proliferation Assay. Cells were labeled with CFSE (Molecular Probes) and either cultured in the presence of CD3͞28 beads or left unstimulated for 3 days in the dark. The cells were then analyzed by flow cytometry using a FACScalibur flow cytometer (Becton Dickinson).
Results

CD8 ؉ T Cells Do Not Polarize Lipid Rafts at the Site of TCR Engagement.
Before studying lipid raft polarization in CD8 ϩ T cells, we confirmed by digital immunofluorescence microscopy and flow cytometry that CD4 ϩ and CD8 ϩ T cells express similar amounts of the ganglioside GM1, a marker for lipid rafts (see Fig. 10 , which is published as supporting information on the PNAS web site, www.pnas.org).
We then assayed raft polarization to the site of contact by stimulating primary human T cells with CD3͞28 beads (16) . Unlike in CD4 It has been shown (19) that T cell activation induces the expression of GM1 on the plasma membrane of CD4 ϩ T cells. To determine whether lipid raft polarization is restored in preactivated CD8 ϩ T cells, we incubated the cells for 2 days with PHA and then analyzed CD3͞28-induced lipid rafting. There was marked polarization of GM1 at the cell͞bead contact site in CD4 ϩ T cells, but there was no polarization of lipid rafts noted in PHA-activated CD8 ϩ T cells (see Fig. 12 , which is published as supporting information on the PNAS web site).
Previous studies have used CTB as a marker for lipid rafts (20, 21) . In Fig. 2 , we show that when using either CTB ( F) or anti-GM1 antiserum (Fig. 2 B and E) , lipid raft polarization is detected in CD4 ϩ T cells (Fig. 2 A-C) , but not in CD8 ϩ T cells (Fig. 2 D and E) . For this experiment, cells were activated for 2 days with PHA alone and were then cultured for an additional 5 days in the presence of PHA and IL-2. CD8 ϩ T cells also did not polarize lipid rafts when they were incubated with CD3͞28 beads that had also been coated with anti-CD8 mAb (data not shown), indicating that the failure of CD8 ϩ T cells to polarize lipid rafts was not due to absent costimulation through CD8.
Lipid raft polarization was also not restored in PHA-activated CD8 ϩ T cells when the anti-CD28 mAb on the beads was replaced by B7.2Ig, the natural ligand for CD28. Fig. 3B shows marked polarization of GM1 to the contact site in a CD4 ϩ T cell stimulated with an anti-CD3͞B7.2Ig-coated bead, whereas there was no polarization in a CD8 ϩ T cell (Fig. 3D) . In summary, lipid rafts do not polarize in primary or in vitro activated human CD8 (Fig. 5B) , they recruit F-actin to the APC͞T cell contact area (Fig. 5C ). When the APCs were not pulsed with FLU peptide, there was no accumulation of F-actin at the APC͞T cell interface (Fig. 5G) . We could visualize the polarization of lipid rafts in human FLU-specific CD4 ϩ T cells by using tetramer technology in a cell͞bead system (see Fig. 13 , which is published as supporting information on the PNAS web site). These experiments extend our observations beyond a system of antibodycoated beads and confirm that the polarization of lipid rafts in CD8 ϩ T cells is also absent in the context of antigen.
TCRs Are Clustered at the Cell͞Bead Interface in both CD4 ؉ and CD8 ؉ T Cells. To study the fate of the TCR in our experimental model, we stimulated primary human T cells with CD3͞28 beads and performed double staining for the TCR and GM1 (Fig. 6) . As previously shown, unlike in CD4 ϩ T cells (Fig. 6B) , no raft polarization could be observed in the CD8 ϩ T cells after 30 min (Fig. 6F) . However, there was accumulation of TCRs at the cell͞bead interface in both CD4 ϩ (Fig. 6C ) and CD8 ϩ T cells (Fig. 6G) . This finding indicates that in human CD8 ϩ T cells the recruitment of TCRs to the immune synapse is independent of lipid raft polarization, and that receptors outside the lipid rafts can be successfully recruited to the cell͞bead interface. T cells by using sucrose density gradient centrifugation and first identified the gradient fractions containing lipid rafts by Western blotting and staining for LAT (Fig. 7A) . LAT is known to exclusively partition to lipid rafts (17) . LAT was present in fractions 3-6 in CD4 ϩ , as well as CD8 ϩ T cells (Fig. 7A) . The distribution of LAT was similar in unstimulated and stimulated T cells.
It has been suggested that the partitioning of Lck to lipid rafts is essential for successful activation and propagation of TCR signal transduction (22) . We performed Western blotting for Lck in sucrose gradients from CD4 ϩ and CD8 ϩ T cells. In CD8 ϩ T cells, Lck was present in lipid raft fractions 3 and 4 in unstimulated as well as stimulated cells (Fig. 7B) , and the pattern of distribution was similar. In unstimulated CD4 ϩ T cells, however, the majority of Lck was present in fractions 10 (nonraft) and 4 (raft), but not fractions 1 or 3. On stimulation of the CD4 ϩ T cells, the Lck distribution shifted to raft fractions 3 and 4 (Fig.  7B) . These results indicate that the composition of lipid rafts in CD8 ϩ T cells is different from that in CD4 ϩ T cells. The fact that lipid rafts from CD8 ϩ T cells already contain important signal transduction molecules before activation of the cells might explain why CD8 ϩ T cells do not polarize lipid rafts to the cell͞bead or cell͞cell contact site.
Early Signal Transduction Events Are Intact in CD8 ؉ T Cells Activated
with CD3͞28 Beads. To study early activation events in our experimental system, CD4 ϩ and CD8 ϩ T cells were loaded with fura-2, and CD3͞28-induced calcium flux was measured by using real-time imaging. 56 Lck to lipid rafts in human CD4 ϩ and CD8 ϩ T cells. Primary human T cells were either unstimulated (US) or stimulated with CD3͞28 beads for 10 min, followed by lysis in Mes lysis buffer plus protease and phosphatase inhibitors. Lysates were subjected to sucrose density gradient centrifugation for lipid raft purification. Numbers denote gradient fractions. The gradient fractions were separated by SDS͞ PAGE , followed by detection of LAT (A) and Lck (B) with immunoblot analysis. It has recently been shown that PKC- (5) and F-actin (20) are recruited to the immune synapse during T cell activation. We asked whether this could also be demonstrated in our experimental system. In unstimulated CD8 ϩ T cells, PKC-is localized throughout the cytoplasm, and F-actin is distributed evenly at the plasma membrane (Fig. 8B) . On activation of CD8 ϩ T cells with CD3͞28 beads, there is recruitment of PKC-and F-actin to the cell͞bead contact site (Fig. 8C) . PKC-accumulates at the center of the bead͞cell contact site (Fig. 8 C and F) , whereas F-actin is located in a more peripheral region (Fig. 8 C and E) . Similar results were obtained with CD4 ϩ T cells (data not shown). The distribution of F-actin seen in our experiments is similar to that observed by Bunnell et al. (23) in a real-time imaging system using T cells plated onto anti-TCR-coated coverslips. Thus, although CD8 ϩ T cells fail to exhibit lipid raft polarization at the cell͞bead contact site, early signal transduction pathways are intact.
CD4 ؉ and CD8 ؉ T Cells Proliferate at a Similar Rate When Activated with CD3͞28 Beads. To compare the efficiency of cell cycle activation of the T cell subsets, primary CD4 ϩ and CD8 ϩ T cells were labeled with CFSE, incubated with CD3͞28 beads for 3 days, and analyzed by flow cytometry. As shown in Fig. 9 , CD4 ϩ T cells (Fig. 9A ) and CD8 ϩ T cells (Fig. 9B ) exhibit a similar rate of cell division. In some experiments, the progression through several rounds of the cell cycle was actually enhanced in CD8 ϩ T cells, as more CD8 ϩ T cells had undergone three cell divisions compared with CD4 ϩ T cells. These data indicate that, although CD8 ϩ T cells do not polarize lipid rafts on anti-CD3͞anti-CD28 engagement, they proliferate in response to the same stimulus. Therefore, lipid raft polarization is not essential for the proliferation of CD8 ϩ T cells.
Discussion
We show here that human CD8 ϩ T cells do not require the polarization of lipid rafts for activation or proliferation. Our experimental model employs an artificial antigen-presenting cell to mimic the signals provided by Ag͞APC activation. This bead system has been previously used for rafting studies in human T cells (3) . The polarization of lipid rafts to the cell͞bead contact site was not observed in primary CD8 ϩ T cells. This observation was consistent, as it was also extended to short-term PHAactivated cells and to CD8 ϩ T cells cultured long-term in the presence of PHA and IL-2. Importantly, this observation was confirmed in an experimental system using human antigenspecific CD8 ϩ T cells. Our observation is intriguing in that it has been postulated to date that lipid raft formation is essential for immune cell activation (4, (23) (24) (25) . However, many of these experiments used the method of cholesterol depletion with methyl-␤-cyclodextrin (MCD) to study the effect of raft disruption on cellular activation. We studied the polarization of lipid rafts in the presence of MCD and found that this compound severely affected T cell morphology and rapidly induced cell death at concentrations that affected lipid raft polarization (data not shown). Thus, MCD might have other effects besides disruption of lipid rafts that could impact the proper functioning of signal transduction pathways in these cells.
Our data support the thesis that the activation requirements of CD8 ϩ T cells are different from those of CD4 ϩ T cells. It seems that CD8 ϩ T cells are more efficient and require fewer cell resources for activation. This has been attributed to the fact that the affinity of CD8 for the MHC͞TCR complex is much higher than that of CD4 (7). Potter et al. (6) have shown that a mutation in MHC class I, which affects the binding of CD8, ablated the ability of APCs to form conjugates with CD8 ϩ T cells, underlining the importance of CD8 in formation of the immune synapse.
CD8 ϩ T cells also require as few as one MHC-peptide molecule for activation (10) , whereas in CD4 ϩ T cells, many more TCR receptors must be triggered for activation. It is thought that, on activation of T cells, lipid microdomains in the cell membrane form larger lipid rafts (24) . Apart from this change in size, lipid rafts also recruit the TCR and essential signaling molecules (2, (26) (27) (28) (29) . We evaluated the composition of lipid rafts in CD8 ϩ T cells by using sucrose density gradient centrifugation and Western blot analysis and showed that, unlike in CD4 ϩ T cells, Lck is constitutively expressed in the raft fractions of CD8 ϩ T cells. This may further contribute to the higher ''efficiency'' of CD8 ϩ T cells. Furthermore, these cells may only require a small number of these signaling molecules at the site of activation and therefore do not aggregate lipid microdomains into large rafts. In contrast, CD4 ϩ T cells, which require triggering of a larger number of TCRs for activation, might require the presence of a larger number of signaling molecules at the contact site. In this case, lipid rafts might serve as shuttle vessels and would help CD4 ϩ T cells overcome the activation threshold by concentrating the requisite number of TCRs and signaling molecules. The results of a recent study published by Arcaro et al. (30) are in concert with this model. The authors elegantly show that CD8␤, which has a high affinity for Lck, is partitioned in lipid rafts through palmitoylation. CD8␤ also mediates the constitutive association of CD8 with TCR͞CD3, thus priming the CD8 ϩ T cells for efficient activation. These authors did not study the composition of lipid rafts in CD8 ϩ and CD4 ϩ T cells; however, the fact that CD4 is excluded from lipid rafts before activation (31), whereas CD8 is constitutively expressed in lipid rafts (30) , suggests a more effective means of activating CD8 ϩ cells that does not require the aggregation of smaller membrane domains into larger lipid rafts.
Lipid rafts have been extensively studied in CD4 ϩ T cells (3, 19, 32) , whereas less information is available on their properties in CD8 ϩ T cells. Villalba et al. (20) showed that Vav͞Rac-dependent cytoskeleton reorganization is required for lipid raft clustering in T cells. For some of those experiments, the lymphocytic choriomeningitis virus (LCMV) mouse model was used and the polarization of lipid rafts in CD8 ϩ T cells was visualized by microscopy after 2 h of incubation with peptide-pulsed antigen-presenting cells. In our analyses of polarization of lipid rafts, we did not see accumulation of GM1 in at the cell͞bead contact site at 2, 2.5, and 3 h time points in either CD4 ϩ or CD8 ϩ T cells (see Fig. 14 , which is published as supporting information on the PNAS web site). This finding might indicate that there is a difference with respect to the time course of lipid raft polarization in human and mouse T cells. It is known that the composition of lipid rafts in mouse cells is not identical to that in human cells. Whereas GM1 is the major ganglioside in mouse lipid microdomains, GM3 represents a major fraction of gangliosides in the human cell membrane (33, 34) . Although we and others (3) have shown that GM1 is a reliable indicator for raft formation in human T cells, it is possible that other gangliosides that are not routinely studied may play a role as well. Mice that lack GM1 expression (35) exhibit defective proliferation and IL-2 secretion (36), although the properties of lipid rafts and their function have not yet been studied in this model. It is also possible that the kinetics of lipid raft polarization is influenced by the affinity of interaction between TCR and its ligand.
It is interesting to speculate whether CD8 expression gives the cell a ''dominant-negative phenotype'' with regard to lipid raft polarization. It has been shown that CD4 and CD8 doublepositive thymocytes do not polarize lipid rafts (37) . However, this difference could reflect events that occur during differentiation, and might not be comparable to our results obtained in mature T cells. Alternatively, as suggested by Balamuth et al. In summary, we have made the surprising observation that, although early signal transduction pathways and proliferation are comparable in CD4 ϩ and CD8 ϩ T cells, there is a striking absence of lipid raft polarization in CD8 ϩ T cells. Prior work has suggested that lipid raft polarization and synapse formation are essential for downstream events of TCR signal transduction. Intriguingly, Lee et al. (38) have recently shown that TCR signaling can precede immunological synapse formation. In the future, it will be necessary to define the function of lipid rafts in different subsets of human lymphocytes.
